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The development of resistivity surveying techniques has been very rapid in the last three decades. The 
advent of automated data acquisition systems, inversion codes, and easy access to powerful and fast 
computers has tremendously increased the practical applicability of the geophysical method. 
Geoelectrical resistivity imaging is increasingly being used in environmental, engineering and 
hydrological investigations as well as geothermal and mineral prospecting, where detailed knowledge 
of the subsurface is sought. In this paper, the historical development and basic principles of 
geoelectrical resistivity surveying techniques are presented. Past researches and on-going 
developments in the survey designs and field procedures in two-dimensional (2D) and three-
dimensional (3D) geoelectrical resistivity surveys are discussed. Current development in the 
acquisition geometry for 3D geoelectrical resistivity imaging data is emphasized. 
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INTRODUCTION 
 
Electrical and electromagnetic (EM) methods have been 
important in the field of Applied Geophysics for about a 
century, particularly for shallow and near-surface 
investigations. The use of geoelectrical resistivity surveys 
for investigating subsurface layered media has its origin 
in 1912 due to the work of Conrad Schlumberger who 
conducted the first geoelectrical resistivity experiment in 
the fields of Normandy; and about 1915, a similar idea 
was developed by Frank Wenner in the United State of 
American (USA) (Kunetz, 1966). Ever since, geoelectrical 
resistivity surveying has greatly improved, and has 
become an important and useful tool in hydrogeological 
studies, mineral prospecting and mining, as well as in 
environmental and engineering applications (e.g. Griffiths 
et al., 1990; Griffiths and Barker, 1993; Dahlin and Loke, 
1998; Olayinka, 1999; Olayinka and Yaramanci, 1999; 
Amidu and Olayinka, 2006; Aizebeokhai et al., 2010).  
The classical methods of geoelectrical resistivity 
surveys have undergone significant changes in the last 
three decades. The traditional horizontal layering 
technique for interpreting geoelectrical resistivity data are 
rapidly being replaced with two-dimensional (2D) and 
three-dimensional (3D) models of interpretations, 
especially in complex and heterogeneous subsurface 
media. Field techniques have advanced from measure-
ments   made   at   separate  and  independent  points  to 
automated measuring systems with multi-electrode array 
along the measurement profiles. Data acquisition was 
more or less carried out manually till the 1980s, and this 
is labour intensive and slow, and the quality of the 
measured data might be poor. A range of fast automated 
multi-electrode and multi-channel data acquisition 
systems now exist that allows flexibility in the acquisition 
of geoelectrical resistivity data (Barker, 1981; Stummer 
and Maurer, 2001; Auken et al., 2006).  
Traditionally, electrical resistivity surveying was limited 
to either delineating the variation of apparent resistivity 
over a surface or compiling quasi-2D sections from a 
rather limited numbers of vertical electrical soundings 
(VES). The use of multi-electrode/multi-channel systems 
for data acquisition in geoelectrical resistivity surveys has 
led to a dramatic increase in field productivity as well as 
increased quality and reliability of subsurface resistivity 
information obtained. Initially, multi-electrode systems 
with manual switching (Barker, 1981) were used before 
the emergence of computer-controlled multi-
electrode/multi-channel systems with automatic 
measurements and data quality control, which has 
tremendous impact on the quality of the data and the 
speed with which they are collected. Intelligent multi-
electrode with built-in-preamplifiers, analog-to-digital 
converters,  and  digital  transmission  lines  can  now  be  
  
 
 
effectively used for data acquisition. Multi-channel 
transmitter and receiver systems are now being used in 
simultaneously carrying out series of measurements 
(Stummer and Maurer, 2001; Auken et al., 2006). 
 
 
Basic theory of geoelectrical resistivity surveys 
 
Electrical and electromagnetic (EM) methods are defined 
by their frequency of operation, the origin of the source 
signals and the manner by which the sources and 
receivers are coupled to the ground. The signal 
frequencies range from a few hertz (Hz) in direct-current 
(DC) resistivity surveys up to several gigahertz (GHz) in 
ground-penetrating radar (GPR) measurements. The 
methods are generally governed by Maxwell’s equations 
of electromagnetism (Grant and West, 1965; Ward and 
Hohmann, 1987). Wave propagation dominates at high 
frequencies, whereas diffusion is the dominant physical 
mechanism of electromagnetic induction at lower 
frequencies (in the quasi-static approximation). In the 
direct-current (DC) frequency, the diffusion term is zero 
and the field is thus governed entirely by Poisson 
equation. 
Electrical and electromagnetic methods may either be 
passive or active. Passive methods use electromagnetic 
(EM) fields created by natural phenomena as source 
signals (e.g., telluric currents). In contrast, active 
methods employ signal generators to generate the 
required input signals. Sources and receivers can be 
coupled to the ground through galvanic contacts such as 
planted electrodes or through EM induction such as coils 
of wire. These possibilities result in a greater variety of 
field techniques than any other geophysical surveying 
method where a single field of force or anomalous 
property (such as elasticity, magnetism, gravitation or 
radioactivity) is used.  
Electrical methods of geophysical investigations are 
based on the resistivity (or its inverse, conductivity) 
contrasts of subsurface materials. The electrical 
resistance, R  of a material is related to its physical 
dimension, cross-sectional area, A  and length, l  
through the resistivity, ρ  or its inverse, conductivity, σ  
by  
 
l
RA
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σ
ρ 1 .                             1 
 
Low-frequency alternating current is employed as source 
signals in the DC resistivity surveys in determining 
subsurface resistivity distributions. Thus, the magnetic 
properties of the materials can be ignored (Telford et al., 
1990) so that Maxwell’s equations of electromagnetism 
reduced to: 
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where E
r
 is the electric field in mV / , q  is the charge 
density in 3/ mC  and 0ε  is the permittivity of free space 
( mF /10854.8 120 −×≅ε ). These equations are 
applicable to continuous flow of direct-current; however, 
they can be used to represent the effects of alternating 
currents at low frequencies such that the displacement 
currents and induction effects are negligible.   
Usually, a complete homogeneous and isotropic earth 
medium of uniform resistivity is assumed. For a 
continuous current flowing in an isotropic and 
homogeneous medium, the current density J
r
 is related 
to the electric field, E
r
 through Ohm’s law: 
 
EJ
rr
σ=  .                 4 
 
The electric field vector E
r
 can be represented as the 
gradient of the electric scalar potential, 
 
Φ−∇=E
r
.                 5 
 
By combining Equations 2 and 5, we obtained the 
fundamental Poisson equation for electrostatic fields 
given by 
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The equation of continuity for a point in 3D space and 
time t  defined by the Dirac delta function is given as: 
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The current sources in a typical electrical resistivity 
survey are usually point sources. Thus, the current and 
the current density over a volume element, V∆  around a 
current source, I  located at ( )sss zyx ,,  are given by the 
relation (Dey and Morrison, 1979) as: 
 
( ) ( ) ( )sss zzyyxxV
IJ −−−





∆
=⋅∇ δδδ ,             8  
 
where δ is the Dirac delta function. Hence, the potential 
distribution in  the  ground due to a point current source is  
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This partial differential equation, which is a self-adjoint, 
strongly connected and non-separable elliptic equation of 
second order, gives the subsurface potential distribution 
in an isotropic non-uniform 3D medium due to a point 
current source. Numerous techniques have been 
developed to solve this problem, that is, to determine the 
potential distribution that would be observed over a given 
subsurface structure. The potential, ),,( zyxΦ  and the 
normal component of the current density, 
n∂
Φ∂
σ  are 
continuous across the boundary between two media of 
different resistivities but the current lines are refracted in 
accordance to the boundary conditions. 
 
 
Potential distribution due to point source in a 
homogeneous half-space 
 
All resistivity methods employ an artificial source of 
current injected into the subsurface through point 
electrodes and the resulting potential difference is 
measured at other electrodes positions in the 
neighbourhood of the current flow. For a semi-infinite 
conducting layer of uniform resistivity (a completely 
homogeneous and isotropic medium) bounded by the 
ground surface as shown in Figure 1, a current of 
strength +I is injected at a point C1 into the ground 
surface. This current will flow away radially from the point 
of entering and its distribution will be uniform over a 
hemispherical shell of an underground region (Figure 2) 
of resistivity ρ . At a distance r  of a point in the medium 
from the point source, the surface area of the 
hemispherical shell is 22 rpi  so that the potential for the 
homogeneous half-space is 
   
r
I
r
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ρ
2
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In practice, two current electrodes, the current source +I 
and the sink –I (Figure 1), are usually used. The potential 
distribution is symmetrical about the vertical placed at the 
mid-point between the two current electrodes. The 
potential at an arbitrary point from a given pair of current 
electrodes, by applying Equation 10, is obtained as  
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where 1Cr  and 2Cr  are the respective distances from  the 
 
 
 
 
first (source) and second (sink) current electrodes to the 
arbitrary point.  
 
 
Apparent resistivity and geometric factor 
 
Usually, it is the potential difference between two points 
that is measured. The injecting (current) electrodes could 
be used, in theory, to measure the potential difference. 
But the influence of the resistances between the 
subsurface and current electrodes is not precisely known 
(Cheng et al., 1990). Thus, two potential electrodes are 
dedicated to detect the response signal. If P1 and P2 are 
the potential electrodes (Figure 1), the potential 
difference between P1 and P2 becomes 
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This equation gives the potential that would be observed 
over a homogeneous half-space with a typical four 
electrodes configuration. The subsurface is typically 
heterogeneous so that the resistivity observed is 
apparent, that is, the resistivity of a homogeneous 
subsurface medium that would give the same resistivity 
value for the same electrode configuration. Apparent 
resistivity can be seen as a weighted average of the 
resistivities of the subsurface volume under the four 
electrodes. The apparent resistivity depends on the 
configuration of the electrodes and is determined by the 
injected current I  and voltage ∆Φ . Thus, the apparent 
resistivity aρ  is expressed as 
 
I
Ga
∆Φ
=ρ .               13 
 
The geometric factor G in the above expression, which 
depends on the electrode configuration, is given as 
 






+−−=
22122111
1111/2
PCPCPCPC
G pi .                  14 
 
 
Field design and survey procedure 
 
Near-surface sources usually treated as noise in 
traditional geophysical exploration surveys are often the 
targets of interest in hydrological, environmental and 
engineering investigations. The subsurface geology is 
usually complex, subtle and multi-scale such that spatial 
variations can change rapidly both laterally along the 
survey profiles and vertically with depths. Thus, a closely 
spaced grid of observation points is required for the 
accurate  characterization,  high   spatial   resolution  and
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Figure 1. Potential distribution due to a current source in a homogeneous half-space. 
 
 
 
 
 
Figure 2. Current from a point source and the resulting equipotential distributions. 
 
 
 
good target definition of such highly heterogeneous 
subsurface. Survey design must take into account the 
capabilities of the data acquisition system, heterogeneity 
of the subsurface electrical conductivity and the required 
resolution. Other factors to be considered are the areal 
extent of the site to be investigated, the cost of the survey 
and the time required to complete the survey.  
 
 
Electrode configurations 
 
Four electrodes are generally placed at arbitrary locations 
(Figure 1); however, a number of electrode configurations 
have been used in recording resistivity field data, each 
suitable for a particular geological situation. The 
conventional arrays most commonly used include 
Wenner (alpha),  Schlumberger,  dipole-dipole,  pole-pole 
and pole-dipole arrays. These arrays with their 
corresponding geometric factor are illustrated in Figure 3. 
The apparent resistivity values observed by the different 
array types over the same structure can be very different. 
The choice of a particular array depends on a number of 
factors, which include the geological structures to be 
delineated, heterogeneities of the subsurface, sensitivity 
of the resistivity meter, the background noise level and 
electromagnetic coupling. Other factors to be considered 
are the sensitivity of the array to vertical and lateral 
variations in the resistivity of the subsurface, its depth of 
investigation, and the horizontal data coverage and signal 
strength of the array.  
The conventional Wenner (alpha) and Schlumberger 
arrays are relatively sensitive to vertical variations in the 
subsurface resistivity below the centre of the array but 
less sensitive to  horizontal  variations  in  the  subsurface  
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Figure 3. Conventional electrode configurations commonly used in geoelectrical resistivity 
surveys with their corresponding geometric factors. 
 
 
 
resistivity. The arrays have moderate depths of 
investigation and generally strong signal strength which is 
inversely proportional to the geometric factor used in 
calculating the apparent resistivity values. The major 
limitation of these arrays is the relatively poor horizontal 
coverage with increased electrode spacing. Wenner array 
is preferred for surveys in a noisy site because of its high 
signal strength; however, the array is less sensitive to 3D 
structures (Dahlin and Loke, 1997).  
The dipole-dipole array is the most sensitive to 
resistivity variations below the electrodes in each dipole 
pair and is very sensitive to horizontal variations but 
relatively insensitive to vertical variations in the 
subsurface resistivities. Thus, it is the most preferred 
array for mapping vertical structures like dykes and 
cavities. Dipole-dipole array is, however, very poor in 
mapping horizontal structures such as sills, sedimentary 
or horizontal layers. In  addition, it  is  the  most  sensitive  
  
 
 
array to 3D structure among the common arrays (Dahlin 
and Loke, 1997). The depth of investigation of the array 
depends on both the current electrode spacing, a  and 
the distance between the two dipoles; and is generally 
shallower than that of Wenner array. However, dipole-
dipole array has better horizontal data coverage than 
Wenner array. The major disadvantage of this array is the 
decrease in signal strength with increasing distance 
between the dipole pair.  
The pole-dipole array is an asymmetrical array with 
asymmetrical apparent resistivity anomalies in the 
pseudosections over a symmetrical structure, which 
could influence the inversion model. It has relatively good 
horizontal coverage and higher signal strength compared 
with dipole-dipole array. It is much less sensitive to 
telluric noise than the pole-pole array. Repeating 
measurements with the electrodes arranged in the 
reverse order can eliminate the asymmetrical effect. The 
combined measurements of the forward and reverse 
pole-dipole array would remove any bias in the model 
due to asymmetry. However, this will increase the survey 
time as the number of data points to be measured will be 
doubled. The signal strength of the pole-dipole array is 
lower than that of Wenner and Schlumberger arrays, and  
is very sensitive to vertical structures. 
The pole-pole array consists of one current and one 
potential electrode with the second current and potential 
electrodes at infinite distances. Finding suitable locations 
for these electrodes so as to satisfy this theoretical 
requirement is often difficult. In addition to this limitation, 
the pole-pole array is highly susceptible to large amount 
of telluric noise capable of degrading the quality of the 
observed data. However, the pole-pole array has the 
widest horizontal coverage and the deepest depth of 
investigation but the poorest resolution. The resolution of 
the pole-pole array is very poor as subsurface structures 
tend to be smeared out in the inversion model (Dahlin 
and Loke, 1997). If the electrode spacing is small and 
good horizontal coverage is desired, the pole-pole array 
is a reasonable choice. 
Apart from these conventional arrays, many non-
conventional electrode configurations have been studied 
(Stummer et al., 2004; Wilkinson et al., 2006). For n 
equally spaced collinear electrodes, there exist a number 
of non-reciprocal four-point electrode configurations (Noel 
and Xu, 1991) given by: 
 
( )( )( )321
8
1
−−−= nnnnnd .             15 
 
These measurements set include every possible 
conventional and non–conventional electrode arrays. 
Measurements with this set of electrode configurations 
results in comprehensive data sets which would contain 
all resistivity subsurface information that the n-electrodes 
system is capable of gathering. However, a large portion 
of  these  configurations   have   large  geometric   factors  
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capable of reducing the stability of the inversion of the 
observed data sets. Stummer et al. (2004) assessed the 
imaging potential of the data sets acquired with modern 
multi-electrode resistivity systems using synthetic and 
field examples. They showed that comprehensive data 
sets recorded with large numbers of four-point electrode 
configurations provides significantly more information 
than those with standard electrode arrays. However, the 
recording of comprehensive data sets requires too many 
measurements and is therefore not cost effective in 
routine geoelectrical resistivity surveys.  
An optimization procedure that utilizes a goodness 
function that ranks the sensitivities of all electrode 
configurations can be used to define suite of electrode 
configurations that yields images comparable in quality to 
those obtained from comprehensive data sets (Wilkinson 
et al., 2006; Furman et al., 2007; Hennig et al., 2008). 
The goodness function includes weighting terms which 
counterbalance the high sensitivities of the model relative 
to deeper parts and minimize the influence of well 
resolved regions of the model based on the experimental 
design procedure. Measurements are initially made on 
coarse arrays, with subsequent electrode configurations 
optimised according to the result of previous 
measurements. Data generated with electrode 
configurations that yields large amounts of new 
information according to their high sensitivities and depth 
of influence are incorporated into the successively 
increasing optimal data sets. Fast online inversion 
schemes are required to update the model estimates 
between measurements and to find the optimal array 
configurations (Maurer et al., 2000; Stummer et al., 2004; 
Auken et al., 2006). 
 
 
Data acquisition instruments 
 
Geoelectrical resistivity field data are acquired using 
earth resistivity meter commonly referred to as 
Terrameter. The equipment is portable, light weight and 
relatively cost effective when compared with other 
geophysical data acquisition systems. A conventional set-
up of the earth resistivity meter (Figure 4) basically 
consists of the following: a constant current source, 
commonly a battery pack connected to a commutated DC 
circuit to change polarity of the current source; an 
ammeter which measures the injecting current; a very 
sensitive voltmeter that measures the response signal; 
four metal stake electrodes, usually stainless steel or 
non-polarizing 4CuSOCu −  and 2AgClAg − , which 
ensures low impedance characteristic; and four cable 
reels used in connecting the electrodes to the current 
source and voltmeter. A low frequency AC signal may be 
used as current source instead of a commutated DC 
source (Christensen, 1989). The internal impedance of 
the ammeter, connected in series with the current source, 
should  be  low  so  as  to   minimize   its   effect   on   the  
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Figure 4. A conventional set-up of the earth resistivity meter geoelectrical resistivity field observations (after 
Robinson and Coruh, 1988). 
 
 
 
measuring circuit. Similarly, the voltmeter connected in 
parallel with the ammeter should have high input 
impedance so as to suppress any effect arising from the 
ammeter. In general, the current source and both meters 
are usually housed in a single box.  
Acquiring field data using the set-up shown in Figure 4 
is usually time consuming and labour intensive, as it 
involve the movement of the four electrodes from one 
point to another for each data point to be measured. A 
minimum of one person is required to handle each of the 
electrodes with its connecting cable and an additional 
person is needed to handle the recording equipment, 
thus making a minimum of five-man data collection crew 
in a typical survey. The development of multi-electrode 
data acquisition systems has greatly improved the speed 
and reduced the cost of acquiring field data. With multi-
electrode systems, two or three persons can conveniently 
carry out field surveys especially in 2D and 3D resistivity 
imaging where large volumes of data are required. The 
automated multi-electrode systems offer efficient means 
of acquiring field data in arbitrary four-point electrode 
configurations, thus allowing flexibility in the choice of 
electrode configuration(s) in a given survey.  
The automated systems generally consist of a 
resistivity instrument, a relay unit (electrode selector), a 
portable computer, electrode cables, various connectors 
and electrodes (e.g. Griffiths et al., 1990). Two or more 
components of the multi-electrode systems may be 
housed in the same box, making the systems more 
compact and portable. Some multi-electrode systems 
employ intelligent switches with built-in-amplifiers 
(Stummer and Maurer, 2001; Stummer et al., 2004) at 
each electrode take-out instead of a central switching 
unit. Other features of the multi-electrode systems that 
enhanced productivity and quality of data acquired are 
analog-to-digital converters and digital transmission lines. 
The automated multi-electrode systems are either single 
channel or multi-channel. The multi-channel systems 
consist of multi-channel transmitters and receivers that 
enable them to simultaneously carry out series of 
measurements. For any N-channel multi-electrode 
systems, N numbers of data can be recorded 
simultaneously thereby increasing the data acquisition 
speed by a factor of N. A number of multi-electrode 
systems are commercially available for shallow 
investigations, such as the Geo Tom (Geolog), Tomoplex  
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Figure 5. Schematic layout of automatic data acquisition system using four electrode cables, indicating the roll-along 
technique (after, Overmeeren and Ritsema, 1988). 
 
 
 
(Campus Ltd), Super String R8 (AGI Inc), SAS 4000 
Lund (ABEM) and RESECS (DTM GmbH). 
In field surveys, the cables are rolled out along the 
survey line(s) as pre-designed by the field crew and the 
electrodes are connected to the electrode take-outs 
which are usually numbered on the cables. Two to four 
cables may be used together in a given survey 
depending on the acquisition system and the electrode 
configuration used. The electrode take-out number 
should increase in the direction of increasing coordinate 
number. The acquisition systems automatically check the 
electrode contacts and scan through a pre-defined 
measurement protocol. The extension of the survey line 
can be achieved through roll-along technique (Figure 5) 
in which part of the layout is shifted along the survey line 
so as to make new measurements in areas not already 
covered. The systems allow automatic updating of the 
coordinates in both x- and y-axes when roll-along along 
technique is adopted. 
The development of microprocessors in data 
acquisition instruments and continuous measurement 
systems has significantly enhanced the usefulness of 
geoelectrical resistivity imaging. Large and dense 
measurements can now be made efficiently and 
economically over wide areas without sacrificing lateral 
resolution (Auken et al., 2006). The continuous 
measurement systems have fixed-electrode 
configurations capable of making measurement 
continuously while moving on the ground; this has greatly 
increased data acquisition speed in 2D/3D geoelectrical 
resistivity imaging. Common examples of  the  continuous 
measurement systems include the PACES system 
(Sorensen, 1996), multiple continuous electrical profiling 
(MUCEP) system (Panissod et al., 1998) and 
Geometrics’ OhmMapper system (Pellerin, 2003). The 
PACES system uses galvanically coupled steel-cylinder 
electrodes mounted on a tail. The MUCEP system uses 
spiked wheels as electrodes or capacitively coupled 
electrodes mounted inside plastic wheels; and the 
Geometric OhmMapper system uses capacitively coupled 
line electrodes. 
Developments in geoelectrical resistivity methods have 
enhanced the ability of resistivity imaging in under-water 
(marine or fresh water) environments to reproducing the 
resistivity structure of the sediments beneath the water 
(e.g. Breier et al., 2005; Kwon et al., 2005; Day-Lewis et 
al., 2006; Amidu and Dunbar, 2007; Mansoor and Slater, 
2007).  Continuous resistivity profiling (CRP) in which 
multi-electrode are mounted on streamers towed behind 
a boat is commonly used in under-water environments. 
The streamers can be dragged along the water bottom or 
float on the surface of the water to avoid any under-water 
obstacle. Floating the electrodes on the surface of the 
water is most useful in relatively shallow areas. Usually, 
two of the electrodes are used as current electrodes and 
all other as potential electrodes. The streamers are 
usually coupled with a bathymetry profiler and a water 
conductivity meter. Major applications of under-water 
resistivity survey include mapping zones of submarine 
groundwater discharge into coastal environments, 
groundwater-surface water interaction studies, and 
delineation  of  fresh   water   zones   in  coastal  aquifers.  
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Figure 6. Pseudosection for 5-data levels obtained for Wenner surveys with 18 electrodes (1, 2, 3, ..., being 
electrode positions). 
 
 
 
Salinity studies of lakes and water reservoirs. 
 
 
Two-dimensional (2D) and three-dimensional (3D) 
Geoelectrical resistivity surveying 
 
Two-dimensional (2D) geoelectrical resistivity imaging 
can be achieved by integrating the techniques of vertical 
electrical sounding with that of electrical profiling. It 
involves apparent resistivity measurements from 
electrodes placed along a line using a range of different 
electrode separations and midpoints. The procedure is 
repeated for as many combinations of current and 
potential electrode positions as defined by the survey 
configuration. 2D resistivity imaging can be seen as 
continuous vertical electrical sounding (CVES) in which a 
number of VES conducted in a grid are merged together 
or as a combination of successive profiles with increasing 
electrode spacing.  
Two-dimensional (2D) resistivity surveys are usually 
carried out using large numbers of electrodes connected 
to multi-core cables. For a system with limited number of 
electrodes, the area covered by the survey can be 
extended along the survey line using the roll-along 
technique (Dahlin and Bernstone, 1997). This can be 
achieved by moving the cables past one end of the line 
by several units of electrode spacing, after completing a 
sequence of measurements (Figure 5). A number of 
arrays have been used in recording 2D geoelectrical 
resistivity field data, each suitable for a particular 
geological situation. The conventional arrays most 
commonly used include Wenner, dipole-dipole, pole-pole 
and pole-dipole. Most of the pioneering works in 2D 
geoelectrical resistivity surveys were carried out using 
Wenner array (e.g. Griffiths and Turnbull, 1985; Griffiths 
et al., 1990; Oldenburg and Li, 1999; Olayinka and 
Yaramanci, 2000). 
The resistivity of the 2D model is assumed to vary both 
vertically and laterally along the survey line  but  constant 
in the direction perpendicular to the survey line. The 
observed apparent resistivity values are commonly 
presented in pictorial form using pseudosection 
contouring (Figure 6) which gives an approximate picture 
of the subsurface resistivity distribution. The shape of the 
contours depends on the type of array used in the 
investigation as well as the distribution of the true 
subsurface resistivity. The pseudosection plot serves as 
a useful guide for detail quantitative interpretation. Poor 
apparent resistivity measurements can easily be 
identified from the pseudosection plot. The pseudo-depth 
values are based on the sensitivity values or the Frechet 
derivatives for a homogenous half-space. 
All geological structures and spatial distribution of 
subsurface petrophysical properties are inherently three-
dimensional in nature. The three-dimensional effects of 
subsurface structures are more pronounced in 
environmental and engineering investigations where the 
geology is highly heterogeneous and subtle. Model 
images resulting from 2D resistivity surveys often contain 
spurious features due to 3D effects and violation of the 
2D assumption. This usually leads to misinterpretation of 
the observed anomalies in terms of magnitude and 
location (Bentley and Gharibi, 2004). Hence, a 3D survey 
with a 3D interpretation model in which the resistivity is 
allowed to vary in all directions should, in theory, give the 
most accurate and reliable results especially in subtle 
heterogeneous subsurface. 
What constitute a 3D data set that would yield 
significant 3D subsurface information for geoelectrical 
resistivity imaging is not clearly understood. Ideally, the 
measurements of apparent resistivity values that would 
constitute a complete 3D data set should be made in all 
possible directions. The techniques for conducting 3D 
electrical resistivity surveys have been presented by Loke 
and Barker (1996). The use of pole-pole (Li and 
Oldenburg, 1994; Loke and Barker, 1996; Park, 1998) 
and pole-dipole (Chambers et al., 1999; Ogilvy et al., 
1999) arrays in 3D electrical resistivity surveys have been 
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Figure 7. The arrangement of electrodes for a 6 by 5 grid in a 3D resistivity survey. 
 
 
 
 
 
Figure 8. Two possible measurement sequences for a 3D geoelectrical resistivity survey with potential electrodes 
corresponding to a single current electrode in (a) a complete data set survey and (b) cross-diagonal survey (after Loke 
and Barker, 1996). 
 
 
 
reported. Square and rectangular grids of electrodes with 
constant electrode spacing in both x- and y-directions 
(Figure 7), in which each electrode is in turn used as 
current electrode and the potential measured at all other 
electrode positions (Figure 8a), were commonly used. 
For n  number of electrodes in a grid, the maximum 
number of independent data points (a complete 3D data 
set) that can be measured (Xu and Noel, 1993) is given 
by: 
 
2
)1(
max
−
=
nnd .              16 
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For a 10 by 10 grid (100 electrodes), for example, a 3D 
survey with a complete data set would yield 4500 data 
points. Such a complete data set measurement is time 
consuming and impractical in large surveys involving 
large number of electrodes in the grid. 
But these methods are usually impractical because of 
the length of cables, the number of electrodes, the site 
geometry and electrode spacing involved in practical 
surveys. In addition, the measurements 3D data sets 
using the square or rectangular grids of electrodes is time 
consuming and cumbersome in surveys involving large 
grids since the number of possible electrode 
permutations for the measurements will be very large. To 
reduce the number of measurements and the time 
required to carry out a 3D resistivity survey, Loke and 
Barker (1996) proposed a cross-diagonal survey method 
in which potential measurements are only made at the 
electrodes along the x-axis, y-axis and 45-degrees 
diagonal lines passing through the current electrodes 
(Figure 8b).  
The cross-diagonal surveying method still involves very 
large number of independent measurements of apparent 
resistivity data for medium to large grids of electrodes. 
Thus, acquiring 3D data using cross-diagonal technique 
would also be time consuming, especially if a single 
channel or a manual data acquisition system is 
employed. The inversion of these large volumes of data 
is often problematic because the computer memory may 
not be sufficient for the memory space required for the 
inversion, and stability and convergence in the inversion 
is often difficult to attain. Most practical/large scale 3D 
resistivity surveys involve grids of 16×16 electrodes or 
more to cover a reasonable area. This will require a 
minimum of 256 electrodes (for 16×16 grids), which is far 
more than that available on many multi-electrode 
resistivity meter systems. The roll-along technique used 
in 2D surveys can be extended to 3D surveys (Dahlin and 
Bernstone, 1997) to get around this limitation; however, it 
is also cumbersome. 
Apart from these limitations in 3D field measurements, 
the pole-pole array that has been commonly used is 
highly susceptible to telluric noise which can significantly 
degrade the quality of the observed data. Subsurface 
features tend to smear out in the inversion model 
obtained because of the poor resolution of pole-pole 
array. The array requires that two electrodes, one current 
and one potential, be place at infinite distances from the 
survey site; getting a suitable position to satisfy this 
theoretical requirement is often difficult and sometimes 
impossible in most practical surveys. The effect of these 
electrodes at infinity on the measured data can be 
significant, thus making it difficult for the field 
measurements to meet condition of reciprocity (Park and 
Van, 1991).  
Pole-dipole array has been an attractive alternative to 
pole-pole array in 3D resistivity surveys (Chambers et al., 
1999; Ogilvy et al., 1999) involving medium to large  grids  
 
 
 
 
(12 by 12 and above). It offers better resolution than pole-
pole array (Sasaki, 1992; 1989) and is less susceptible to 
telluric noise since both potential electrodes are within 
the survey grid. However, pole-dipole is an asymmetrical 
array because of the second current electrode placed at  
infinity. Measurements can be made in the forward and 
reverse directions to remove asymmetrical effects on the 
inversion model. This would increase the time required 
for the survey as the data points would be doubled.  
In contrasts to the cross-diagonal surveying method, 
sets of parallel 2D lines (Chambers et al., 2002; Bentley 
and Gharibi, 2004) and orthogonal 2D lines (Aizebeokhai 
et al., 2009; 2010) which allow flexible survey design, 
choice of array and easy adaptability to data acquisition 
systems have been used to construct 3D images. The 
major challenge of using the parallel or orthogonal 2D 
profile methods is the optimum inter-line spacing relative 
to the minimum electrode separation. Ideally, the inter-
line spacing should be the same with the minimum 
electrode separation so as to obtain good quality and 
high resolution images. For practical purposes, inter-line 
spacing up to four times the minimum electrode 
separation would yield good quality inverse models with 
acceptable resolution. Larger interline spacing will 
produce more near-surface artefacts in the inversion 
images. 
The resolution of model parameters is significantly 
improved when the observed data are less noisy. 
Ambient signal noise, spatial configuration errors, 
instrument malfunction, ill-determined and poorly under-
stood recording parameters, and phenomena associated 
with the measuring process are major contributors to data 
errors and noise in the measurements. Limited spatial 
distribution of electrodes in the arrays and discrete spatial 
sampling usually result in an insufficient data set. More 
measurements are often made and stacked to enhance 
accuracy of each data point. The development of high 
speed microprocessor in data acquisition systems has 
made real-time noise-reduction procedures possible. The 
availability of all measured data makes it possible to 
specify and quantify the statistical properties of the noise, 
and explicitly to formulate a noise model, which is 
extremely important for optimal and meaningful inversion 
of the resulting data set (Auken et al., 2006). 
The resolution of surface geoelectrical resistivity 
surveys generally decreases with depth and very long 
layouts are needed to archive large depth penetrations. 
The presence of a conductive layer at the surface can 
significantly reduce the depth of penetration. The existing 
surface configurations or computer modelling techniques 
have not been able to overcome this fundamental 
physical limitation. Borehole resistivity imaging, often 
referred to as electrical resistivity tomography (ERT), can 
be used to overcome the problem of depth limitation to 
obtain higher resolution at depths since the electrodes 
are closer to the structures of interest. The strong 
influence  of  near-surface  inhomogeneities  on inversion 
  
 
 
results will also be reduced. 2D and 3D model images 
that reflect the true subsurface resistivity contrast can be 
obtained from borehole resistivity tomography (La Breque  
et al., 1996; Ramirez et al., 1996; Brown and Slater, 
1999).  
The measurements may be done by arranging the 
electrodes in the borehole(s) only or borehole and 
surface so that we can have the following combinations: 
borehole-to-borehole (or multiple boreholes) measure-
ments (Daily and Owen, 1991; Shima, 1992; Spies and 
Ellis, 1995; Bing and Greenhalgh, 2000; Slater et al., 
2000); borehole-to-surface measurements (Becv and 
Morrison, 1991;  Dhu and Heinson, 2004); and borehole-
to-borehole-to-surface measurements (Binley et al., 
2002). In general, any array used for surface resistivity 
survey can be adapted for borehole resistivity 
measurements; but pole-pole (Daily and Owen, 1991; 
Shima, 1992; Spies and Ellis, 1995), pole-dipole (Bing 
and Greenhalgh, 1997; Zhou and Greenhalgh, 2000) and 
dipole-dipole (Sasaki, 1992; Zhou et al., 2002) arrays are 
commonly used in borehole resistivity surveys. Based on 
sensitivity pattern and anomaly effect, the pole-dipole and 
dipole-dipole arrays have been shown to have better 
target definition and delineation properties than the pole-
pole array. 
Geoelectrical resistivity imaging in which the spatial 
and temporal variations of subsurface resistivity are 
studied is referred to as time-lapse resistivity imaging or 
resistivity monitoring. Time series of 2D or 3D images of 
resistivity distribution are usually collected. Time-lapse 
resistivity imaging is used in monitoring systems for flow 
and solute transport in unsaturated zone (Newmark et al., 
1998; Slater et al., 2002; Cassian et al., 2006); 
understanding spatial distribution and temporal behaviour 
of near surface hydrological processes (Bethold et al., 
2004; Rein et al., 2004); and monitoring and delineating 
groundwater pollution, saline water intrusion, chemical 
flux and leakage from contaminant structures (Bently and 
Garibi, 2004; Leroux and Dahlin, 2006). 
Time-lapse resistivity surveys may be categorized into 
permanent, semi-permanent and mobile systems 
depending on the degree of installation (Aaltonen, 2001). 
In permanent systems, the electrodes and the cables are 
permanently installed on the survey sites. This allows for 
flexible data acquisition with time, though it is expensive 
because of the construction work needed for the 
installation. Data and images obtained from these 
systems are more accurate than other resistivity 
monitoring systems. The electrodes in semi-permanent 
systems are permanently installed but the cables and 
instruments are mobile. Semi-permanent systems are 
less flexible for data acquisition but less complicated and 
cheaper than the permanent systems. Mobile systems, 
on the other hand, practically involve the repetition of 
resistivity imaging at the same locations. No installations 
are needed but the data and images are less accurate as 
electrode positions may not be precise between  the  time  
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steps. 
Usually, independent inversions of the data set 
observed at different times are carried out. Smoothness-
constrained least-squares inversion method (de Groot-
Hedlin and Constable, 1990) is frequently used. This 
allows the changes in subsurface resistivity values to be 
determined by comparing the model resistivity values 
obtained from the inversion of the initial data set with that 
of a later data set. However, joint inversion technique in 
which the model obtained from the inversion of the first 
data set is used as a reference model to constrain the 
inversion of later time-lapse data set can yield better 
results (Loke, 1999).  
 
 
Conclusions 
 
The use of automated multi-electrode data acquisition 
systems has made 2D and 3D geoelectrical resistivity 
imaging increasingly being applied to hydrological, 
environmental and geotechnical investigations. Model 
images resulting from 2D resistivity surveys often contain 
spurious features due to 3D effects and violation of the 
2D assumption. Since subsurface features are inherently 
three-dimensional, a 3D survey with a 3D interpretation 
model should give the most accurate and reliable results 
especially in subtle heterogeneous subsurface.Square 
and rectangular grids of electrodes with constant 
electrode spacing in x-y plane or directions commonly 
used for 3D surveys yield large volume of independent 
data points that might be difficult to invert. Cross-diagonal 
survey method in which potential measurements are 
made at the electrodes along the x-axis, y-axis and 45-
degrees diagonal lines passing through the current 
electrodes can  reduce the number of measurements and 
the time required to carry out a 3D resistivity survey.  
The use of orthogonal or parallel set of 2D profiles for 
3D surveys, with inter-line spacing in the order of four 
times the minimum electrode separation, would made 3D 
survey much easier and less expensive, and offers much 
flexibility in the choice of electrode arrays. 2D and 3D 
model images that reflect the true subsurface resistivity 
contrast can be obtained from borehole surveys 
(electrical resistivity tomography) with the strong 
influence of near-surface inhomogeneities on inversion 
results being considerably reduced. Arrays used for 
surface resistivity surveys can be adapted for borehole 
resistivity measurements; however, pole-dipole and 
dipole-dipole arrays have been shown to have better 
target definition and delineation properties. 
The resolution of model parameters is significantly 
improved when the data are less noisy. The accuracy of 
each data point can be enhanced by making more 
measurements and stacking them together. The 
development of high speed microprocessor in data 
acquisition systems has made real-time noise-reduction 
procedures  possible.  The  statistical  properties   of   the  
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noise can now be quantified and specified. This is used 
for formulating noise model which is useful for optimal 
and meaningful inversion of the resulting data set. 
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